Introduction {#Sec1}
============

Upon completing replication and the assembly of new infectious virions, bacteriophages, viruses that infect prokaryotic cells, often rely on their lytic enzymes (endolysins) to release phage progeny from the host. In the cases of most double-stranded DNA bacteriophages targeting Gram-negative bacteria, the escape pathway follows three consecutive steps. Insertion of pore-forming small phage proteins called holins into the bacterial inner membrane first results in its permeabilization and then allows phage lytic enzymes (endolysins) to enter the periplasm^[@CR1]^. Finally, endolysins degrade the exposed peptidoglycan (PGN) layer before additional phage proteins (spanins) disrupt the outer membrane and enable the descendant virions to be liberated from the lysed bacterial cells^[@CR2]^. The ability of endolysins to attack peptidoglycan, the most characteristic structure vital for bacterial survival, makes these enzymes an interesting subject to study from a practical point of view, especially in the context of increasing antibiotic resistance. Endolysins also can kill susceptible bacteria when applied exogenously as recombinant proteins^[@CR2]^. The features of endolysins desired for their function as potential novel antimicrobial agents are their high stability and resistance to proteolysis and chemical denaturation^[@CR3],[@CR4]^. As these physical properties are common among enzymes of thermophilic microorganisms, we focused our research on lytic enzymes encoded by bacteriophages thriving in extreme thermophilic environments.

Bacteriophage vB_Tsc2631 was isolated from a hot spring of the Hveragerði geothermal area, Iceland^[@CR5]^. This lytic phage can use the thermophilic bacteria *Thermus scotoductus* MAT2631 and *Thermus thermophilus* HB8 as host cells for propagation. The vB_Tsc2631 genome encodes the Ts2631 endolysin (156 aa), an N-acetylmuramoyl-L-alanine type 2 putative amidase that cleaves the amide bond between the sugar moiety and the peptide in PGN structures^[@CR5]^. The protein is unusually stable, with a melting temperature 99.8 °C that ranks it among the most thermostable enzymes^[@CR5],[@CR6]^.

A comparative *in silico* analysis of the amino acid sequence of Ts2631 endolysin indicated that this enzyme is a structural homolog of phage T7 lysozyme and belongs to a large superfamily including three families of proteins capable of binding bacterial PGN. The first such family is exemplified by the T7 lysozyme itself, the best studied example of type 2 amidases. T7 lysozyme is a globular and monomeric protein possessing a single enzymatically active domain with a Zn^2+^-binding site formed by essential histidines and a cysteine residue in the catalytic center^[@CR7]^. The second family contains enzymes of bacterial origin acting as autolysins, specifically AmpD-type amidases, which degrade PGN during cell-wall recycling^[@CR8]^. The third group, called the PGN recognition proteins (PGRPs), was more recently discovered in eukaryotes^[@CR9]^. They are involved in innate immunity and control the levels of symbiotic microorganisms, but only a few have amidase activity. For example, mammals have four PGRPs, but only one of them (PGLYRP2) is an amidase^[@CR10],[@CR11]^. Nevertheless, all these proteins contain at least one so-called PGRP domain, which is structurally similar to T7 lysozyme and Ts2631 endolysin. Crystal structures of T7 lysozyme and a few PGRPs from *Drosophila melanogaster* and *Homo sapiens* have been determined^[@CR10],[@CR12]--[@CR14]^.

Here, we report the first crystal structure of an endolysin from a thermophilic bacteriophage. We analyzed the structure and sequence of Ts2631 endolysin and prepared 24 point mutation variants and one N-terminal deletion variant to determine residues that (*i*) are essential for lytic activity and (*ii*) are responsible for PGN binding. In substrate binding analysis, special attention was paid to those residues whose counterparts in PGRPs form the PGN-binding pocket.

The Ts2631 endolysin contains a 20 residue extension at the N-terminus with a unique motif rich in arginines that is not homologous to any other protein sequence present in the UniProt database. The role of the N-terminal region in both the antibacterial and substrate binding activity of Ts2631 endolysin has been investigated. Using this unique N-terminal sequence for the design of fusion proteins might become a platform for the development of novel protein antibiotics targeting Gram-negative bacteria.

Results {#Sec2}
=======

The structure of Ts2631 endolysin {#Sec3}
---------------------------------

Ts2631 endolysin crystals in space group P2~1~2~1~2~1~ diffracted to 1.95 Å resolution, and the structure was determined by the molecular replacement method using the coordinates of T7 lysozyme as a search model (PDB entry: 1LBA)^[@CR7]^. The data collection and refinement statistics are summarized in Table [1](#Tab1){ref-type="table"}. There are two molecules in the asymmetric unit and the Cα positions of these molecules (residues 16--156) superimpose with a low r.m.s.d. (0.6 Å). Only the flexible N-terminal region shows structural variability, which is due to a deviation of the two molecules from perfect twofold non-crystallographic symmetry (Fig. [1](#Fig1){ref-type="fig"}). The two monomers in the asymmetric unit interact with each other via the N-terminus and an interaction of the N-terminal extension with the globular domain (Fig. [2A](#Fig2){ref-type="fig"}). Initially, we reasoned that this interface might be involved in dimerization, but biochemical data based on analytical ultracentrifugation together with a detailed analysis using PISA software (PISA score: 0.25) pointed towards the monomer as the dominant form in solution (Supplementary Fig. [S1](#MOESM1){ref-type="media"})^[@CR15]^. Given the evolutionary relationship of Ts2631 endolysin with PGRPs, we analyzed their structural similarity to Ts2631 endolysin in more detail. When the dimeric Ts2631 protein (molecules A and B) was superimposed onto proteins with the PGRP fold (PDB entries: 2EAX for human PGRP-I beta and 1SK4 for human PGRP-I alpha), it became clear that the N-terminal extensions indeed form a 3D swap. When the core domain of molecule A (residues 16--156) was superimposed on PGRP, the N-terminus of molecule B superimposed well on the N-terminus of the PGRP protein (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). Therefore, we constructed a monomeric structure using the globular domain (residues 14--156) of monomer A and the N-terminus of monomer B (residues 1--13) and vice versa (Fig. [2B](#Fig2){ref-type="fig"}). Both monomers modeled in this way are identical, and in each monomer, three hydrogen bonds (Trp7′/Lys70″, Arg9′/Glu41″ and Tyr11′/Glu48″) loosely connect the N-terminus to the enzyme core domain (Fig. [2B](#Fig2){ref-type="fig"}).Table 1Data collection and refinement statistics.Endolysin**Data collection**Space groupP2~1~2~1~2~1~**Cell dimensions***a*, *b*, *c* (Å)53.58, 56.09, 116.72α, β, γ (°)90, 90, 90Resolution (Å)50--1.95 (2.07--1.95)*R*~sym~ or *R*~merge~0.07 (0.98)CC\*99.9 (70.2)*I*/*σI*14.1 (1.32)Completeness (%)92.1 (92.1)Redundancy4.4 (4.5)**Refinement**ProgramPHENIXResolution (Å)50--1.95 (2.02--1.95)No. reflections26266 (2719)*R*~work~/*R*~free~0.20/0.24 (0.34/0.35)**No. atoms**Protein603Water177Zinc2***B*** **-factors**Protein28.2Water42.9Zinc81.5**R.m.s. deviations**Bond lengths (Å)0.03Bond angles (°)0.66**Ramachandran statistics**Residues in favored region (%)95.4Residues in allowed region (%)4.6Residues in outlier region (%)0PDB entry6FHG\*Values in parentheses are for the highest-resolution shell.Figure 1Superposition of the two Ts2631 endolysin monomers in the asymmetric unit. The two independent molecules of Ts2631 endolysin observed in the asymmetric unit superimpose with an r.m.s.d. of 0.6 Å (for residues 16--156; monomers are marked in orange and dark blue). The N-termini of the molecules do not superimpose due to a deviation from perfect non-crystallographic symmetry. The flexible loop structure is indicated by a dotted oval.Figure 2The dimeric structure of Ts2631 endolysin shows a 3D domain swap via the N-terminus. (**A**) Asymmetric unit of Ts2631 endolysin showing two protein molecules, which are highlighted in a ribbon representation. The dimer is interconnected by an elongated and largely unstructured N-terminus (residues 1--20), which carries seven positively charged residues (six arginines, one lysine; shown in stick representation), most of which are pointing towards the same direction (residues in stick representation are denoted by type and numbers). The structure represents a 3D domain swap of two interconnected monomers. (**B**) Molecular interactions between the N-terminus of monomer A (in blue) and the globular domain of monomer B (in orange) are marked by dashed lines. Interacting residues are marked in the same color as their respective domains and numbered according to their position in the sequence.

Molecular architecture of the endolysin active site {#Sec4}
---------------------------------------------------

The Ts2631 endolysin structure displays a mixed fold of a five-stranded β-sheet (β1-β5) that is flanked by helices α2 and α3, one from each side, yielding a sequential secondary structure sequence of α1/β1/β2/α2/β3/β4/α3/β5/α4 (Fig. [3A)](#Fig3){ref-type="fig"}. Only the C-terminal helix (α4) does not interact with the central β-sheet, but it is connected to α3 via hydrophobic interactions. The overall protein sequence shows a surplus of nine positive charges, and these charges consequently dominate the surface properties around the putative PGN-binding site and the N-terminal extension (Fig. [3B](#Fig3){ref-type="fig"}). The active site is located in the center of the globular fold and is composed of two histidine residues (His30, His131) and Cys139, all of which are buried inside the structure, which has an elongated cleft-like architecture (Fig. [1](#Fig1){ref-type="fig"}). His30 is located on β2, while His131 and Cys139 are located on a flexible loop structure connecting β5 with α3 (Fig. [3A,C](#Fig3){ref-type="fig"}). Residues on this loop structure of both monomers show higher B-factors and hence higher mobility, which may allow adaptation to substrate binding (Fig. [3C](#Fig3){ref-type="fig"}). A water molecule stabilized by the conserved residue Tyr58 completes the tetragonal coordination sphere of Zn^2+^ (Fig. [3C](#Fig3){ref-type="fig"}).Figure 3The crystal structure of Ts2631 endolysin shows a conserved peptidoglycan binding site. (**A**) Structure of the globular protein presented in a cartoon representation with the extended N-terminal tail comprising a short α-helix, α1 (marked NT and α1). The secondary structure assignment to the mixed α/β structure is α1/β1/β2/α2/β3/β4/α3/β5. The β-sheet is sandwiched between helices α2 and α4, collectively enclosing the active site with the tetragonally coordinated zinc ion (zinc ion represented by a gray sphere; residues are shown in stick representations) in the center of the structure. (**B**) Surface representation of Ts2631 endolysin demonstrating positively charged patches at the N-terminus and around the active site, which is formed by residues His30, His131, Cys139 and a water molecule (W; blue sphere). (**C**) Expanded view of the active site in the same perspective as in (**A**,**B**), with the active site residues numbered and the zinc ion marked. All structure figures were prepared using PYMOL ([www.pymol.org](http://www.pymol.org)).

Ts2631 endolysin homologs show variation in the catalytic center {#Sec5}
----------------------------------------------------------------

The T7 phage lysozyme and human PGLYRP2 possess the same active site residues as Ts2631 endolysin (Fig. [4A](#Fig4){ref-type="fig"} and Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Eukaryotic PGRPs have a similar fold as phage endolysins; however, most PGRPs recognize but do not degrade PGN due to differences between their active site residues and those of phage endolysins (e.g., Cys/Ser, His/Ile; see Supplementary Fig. [S3](#MOESM1){ref-type="media"} for a structural alignment of T7-like proteins). The PGRP structures most similar to the Ts2631 endolysin structure are those of the human PGRPs PGRP-Iα and PGRP-Iβ (PDB entries: 1SK4 and 2EAX, respectively) (Fig. [4B](#Fig4){ref-type="fig"}; Supplementary Fig. [S2](#MOESM1){ref-type="media"}). In the superposition models of Ts2631 endolysin and the complex structure of human PGRP, the common substrate N-acetylmuramyl-L-Ala is 2.3 Å distant from the Zn^2+^ ion of the Ts2631 enzyme (Fig. [4B](#Fig4){ref-type="fig"}). This distance is ideal for bond activation and hydrolysis, indicating that this structure is conserved between the two scaffolds. In the bacterial autolysin AmpD, the active site is changed to a His/His/Asp triad binding Zn^2+^, where the aspartic acid residue replaces Cys139 of the Ts2631 endolysin (Fig. [3C](#Fig3){ref-type="fig"} and Supplementary [S3](#MOESM1){ref-type="media"}).Figure 4Structural comparison of Ts2631 endolysin homologs. (**A**) Superposition of the phage endolysins Ts2631 (in orange) and T7 lysozyme (in cyan; PDB entry: 1LBA) shown in ribbon representation. The two phage structures show a structural r.m.s.d. of 1.6 Å for 120 aligned Cα atoms and the same active site residues (Fig. on the right). (**B**) Superposition of Ts2631 endolysin with the structural homolog PGRP from *Homo sapiens* (in green; PDB entry: 2EAX; r.m.s.d. of 1.6 Å for 120 aligned Cα atoms. (**C**) Structural comparison of Ts2631 and the bacterial AmpD protein structure from *Citrobacter freundii* (r.m.s.d. 1.9 Å for 125 aligned Cα positions).

Selection of residues for site-directed mutagenesis {#Sec6}
---------------------------------------------------

To determine the residues responsible for the lytic and substrate binding activity of the Ts2631 endolysin, we analyzed the structure of human PGRP-Iβ (PDB entry: 2EAX) co-crystallized with a muropeptide^[@CR10]^. We found that the sugar and peptide moieties of the PGN ligand interact with PGRP-Iβ via Thr241, Tyr274, Asp301, Arg353, and Thr354 (Supplementary Fig. [S4A](#MOESM1){ref-type="media"}) and that these residues correspond to Thr32, Tyr58, Asn85, Val135 and Thr137 in Ts2631 endolysin, respectively (Supplementary Fig. [S4B](#MOESM1){ref-type="media"}). Most of these residues are also conserved in the T7 lysozyme, but Thr137 is replaced by a lysine, which is the same difference that is observed in AmpD^[@CR8]^. *In silico* analysis of the Ts2631 endolysin sequence (<https://www.ncbi.nlm.nih.gov/protein/677570412>) highlights twelve residues that might be responsible for interactions with the substrate (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Those residues are His31, Thr32, Pro54, **[Tyr58]{.ul}**, Leu72, Ile79, Asn85, **[His131]{.ul}**, Val135, **[Thr137]{.ul}**, Glu138 and **[Cys139]{.ul}** (residues in boldface type indicate amino acids that are critical for lytic activity). These residues were subjected to further analysis.

We also analyzed the Ts2631 endolysin structure to identify conserved and surface-exposed amino acids that may have an additional effect on protein activity and PGN binding (Supplementary Fig. [S5](#MOESM1){ref-type="media"}). In total, we constructed the nineteen Ts2631 endolysin single-residue substitution variants listed in Table [2](#Tab2){ref-type="table"}. Previously, we have shown that the activity of five substitution variants forming the catalytic core was significantly less than that of the wild type^[@CR5]^. Here, these variants (H30N, Y58F, H131N, T137K and C139S), which had been constructed and purified previously^[@CR5]^, served as a control in an experiment in which we tested the effect of surface-exposed amino acids on the lytic activity of the Ts2631 endolysin.Table 2Summary of properties of Ts2631 endolysin variants.No.VariantLytic activity\*Insoluble peptidoglycan binding^§^1wt Ts2631++++**2H30N**−+**3Y58F**−+**4H131N**−+**5T137K**−+**6C139S**−+**7*Y60A***−−**8*K70A***−−**9**H31A−+**10**T32A−+**11**C80A−+**12**N85A−+13A33G++++14P54A++++15R64A++++16D65A++17R67A++++18Y69A++++19L72A+++20I79A+++21G95A++++22D96A++++23N133A++++24V135A+++25E138A++++26Δ2-22++++/−The Ts2631 endolysin variants are grouped according to the effect of their mutation on the function; bold indicates residues responsible for bacteriolytic activity, italic indicates residues essential for peptidoglycan binding, and underline defines residues located in the PGN-binding groove that participate in the substrate binding, as indicated by comparative analysis with eukaryotic PGRPs.\*Lytic activity was estimated by spectrophotometric measurements of the decrease in the turbidity of a chloroform-treated *T. thermophilus* HB8 suspension after the addition of the specified variant: +++ more than 60% activity relative to wild-type Ts2631 endolysin; ++ between 50 and 60%; + between 30 and 40%; − less than 20% or no visible activity.^§^Insoluble peptidoglycan binding activity was measured by a PGN binding assay: + binding; −no binding; +/− the protein was predominantly in the unbound fraction.

Lytic activity of Ts2631 endolysin variants {#Sec7}
-------------------------------------------

We used a turbidity reduction assay (TRA) to spectrophotometrically measure decreases in the turbidity of suspensions of chloroform-treated (outer membrane-permeabilized) *T. thermophilus* cells at 60 °C after the addition of selected endolysin variants. For most substitution variants, the lytic activity exceeded 50% that of the wild-type protein (Fig. [5](#Fig5){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}). The activity of the N85A mutant was undetectable by this assay under the conditions that were used. Moreover, a high reduction in the activity of the C80A variant was observed, remaining at an average level of 15% (Fig. [5](#Fig5){ref-type="fig"}). Both variants were soluble, with no signs of aggregation and significant structural changes as evaluated by circular dichroism spectrum analysis (Supplementary Fig. [S6](#MOESM1){ref-type="media"}). This result excluded the possibility that improper protein folding had an impact on the lytic function of C80A and N85A variants.Figure 5Lytic activity of Ts2631 endolysin mutants at 60 °C against chloroform-treated *T. thermophilus* HB8 substrate. Bacteriolytic activity was measured in a standard turbidity reduction assay in a 96-well plate format. Activities are expressed as percentages relative to the native Ts2631 endolysin activity. Mutations are identified by the one-letter code for the wild-type amino acid followed by the residue number and then the one-letter code for the mutant amino acid. Error bars indicate the standard deviation (n = 3).

To our surprise, the substitution of many conserved amino acids had no effect on the enzyme lytic activity at 60 °C. Therefore, we decided to lower the reaction temperature to 37 °C, slowing the reaction and potentially allowing the observation of more pronounced differences between the reactivity of Ts2631 endolysin variants. At 37 °C, we noticed no lytic activity in case of the Y60A mutant and reduced activity by three other variants: H31A, T32A and K70A, which reached no more than 17.2% of the activity of the wild-type enzyme (Fig. [6A](#Fig6){ref-type="fig"}). These results were further validated by a zymogram technique, which is not a quantitative method but is more sensitive than the TRA (Fig. [6B](#Fig6){ref-type="fig"}, whole gels in Supplementary Fig. [S9A](#MOESM1){ref-type="media"}). Zymograms showed a pattern of lytic activity of Ts2631 endolysin variants that was similar to that provided by the TRA at 37 °C. Polyacrylamide gel electrophoresis of purified endolysin and its variants served as a loading control, showing that equal amount of proteins were subjected to the analysis (Fig. [6C](#Fig6){ref-type="fig"}, whole gels in Supplementary Fig. [S9B](#MOESM1){ref-type="media"}). Residues His31, Thr32, Cys80 and Asn85 are situated in the PGN-binding groove of Ts2631 endolysin (Supplementary Fig. [S4B](#MOESM1){ref-type="media"}).Figure 6Lytic activity of Ts2631 endolysin variants at 37 °C. (**A**) Bacteriolytic activity was measured in a standard turbidity assay against chloroform-treated *T. thermophilus* HB8 substrate at 37 °C. Activities are expressed as percentages relative to the maximal lytic activity achieved among the dataset (note that the activity of native Ts2631 endolysin is not 100% under these experimental conditions). The dark gray dashed line represents 20% activity. Error bars indicate the standard deviation (n = 3). (**B**) Zymogram analysis of purified Ts2631 endolysin variants. Numbers 1--10 correspond to H31A, T32A, A33G, P54A, Y60A, R64A, D65A, R67A, Y69A, K70A (first gel), respectively, and numbers 11--20 indicate L72A, I79A, C80A, N85A, G95A, D96A, N133A, V135A, E138A and native Ts2631 endolysins (second gel). (**C**) SDS-PAGE of purified Ts2631 endolysin variants (0.5 µg) loaded on two separate gels served as a loading control for a zymogram assay. Molecular weight markers are shown on the right.

Peptidoglycan binding tests of Ts2631 endolysin variants {#Sec8}
--------------------------------------------------------

To go one step further in our analysis of the Ts2631 endolysin ability to bind PGN, we applied a methodology developed previously by another research group^[@CR9]^. This method was routinely used in the case of wild-type PGRPs and was used here for the first time to investigate the binding of the endolysin and its substitution variants to a large PGN polymer. We purified the PGN of *T. thermophilus* HB8 and performed protein-substrate binding assays of all Ts2631 endolysin variants. Wild-type Ts2631 endolysin was used as a positive control, and carbonic anhydrase from bovine erythrocytes (29 kDa) served as a negative control. Out of the 24 tested single-substitution variants of Ts2631 endolysin, only two, Y60A and K70A, did not bind the purified and insoluble PGN. Both Y60A and K70A were predominantly not bound to PGN and thus present in the supernatant fraction (Fig. [7A](#Fig7){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}, selected full-length gels are in Supplementary Fig. [S10](#MOESM1){ref-type="media"}). The crystal structure data show that the two residues lie in close proximity to each other but opposite to the PGN-binding cleft (Fig. [7B,C](#Fig7){ref-type="fig"}). These results are the first to show the endolysin surface residues, other than the residues present in the PGN-binding groove, that play a role in substrate binding.Figure 7Evaluation of peptidoglycan binding activity of the Ts2631 endolysin variants. (**A**) Ts2631 endolysin variants were mixed with purified *T. thermophilus* HB8 peptidoglycan, and the proteins remaining in the supernatant (*U*, unbound) or bound to peptidoglycan (*B*, bound) were separated by centrifugation at 12,600 × g for 5 min at 4 °C. Proteins were analyzed by SDS-PAGE. Wild-type Ts2631 endolysin and carbonic anhydrase (CA) were used as positive and negative controls, respectively. Frames indicate proteins predominant in the supernatant fraction, namely, Y60A, K70A, the negative control (CA) and the Ts2631 endolysin truncated derivative Δ2-22. M - PageRuler prestained protein ladder, 10 to 180 kDa (Thermo Fisher Scientific). (**B**) The front side of the PGN-binding groove. (**C**) The back side of the PGN-binding groove with residues Tyr60 and Lys70 highlighted in pink.

Function of the N-terminal extension in peptidoglycan binding {#Sec9}
-------------------------------------------------------------

Homology searches for the Ts2631 endolysin N-terminal extension (residues 1--20) using the T-Coffee computer program^[@CR16]^ have shown that it does not share amino acid sequence identity with any particular sequence in databases (Supplementary Fig. [S7](#MOESM1){ref-type="media"}, sequence data for the phage database; data for the entire sequence database is not shown). Nevertheless, this N-terminal extension is positively charged, making it similar to polycationic antibacterial peptides, which kill bacteria by forming pores in the cell membrane^[@CR17]^. To investigate the role of this unique N-terminal extension, we constructed a deletion variant of Ts2631 lacking amino acids 2--29 (Ts2631Δ2-29). Unfortunately, attempts to purify Ts2631Δ2-29 were ineffective due to the aggregation of the protein. Consequently, a shorter variant missing residues 2-22 was constructed and successfully purified (Fig. [8A](#Fig8){ref-type="fig"}). This Ts2631Δ2-22 variant was fully active at 60 °C towards chloroform-treated cells (Table [2](#Tab2){ref-type="table"}). To further analyze the importance of the N-terminal extension in substrate anchoring, we used the PGN binding assays described above. The results showed that Ts2631Δ2-22 was present in both the PGN-unbound and PGN-bound fractions, suggesting a role of the N-terminal extension in binding Ts2631 endolysin to its substrate (Fig. [7A](#Fig7){ref-type="fig"}). In a parallel experiment, we tested the ability of Ts2631 endolysin to lyse intact bacteria that had not been treated with chloroform. All previous experiments were carried out with bacteria that had their outer membrane permeabilized by treatment with chloroform-Tris-HCl to expose PGN^[@CR18]^. Upon the addition of the wild-type endolysin to intact *T. thermophilus* cells, we observed a reduction in the turbidity of the cell suspension, indicating the antibacterial role of Ts2631 endolysin (Fig. [8B](#Fig8){ref-type="fig"}). In contrast, the Ts2631Δ2-22 variant fully active against outer membrane permeabilized cells (100% activity) was not functional in the presence of intact *T. thermophilus* HB8 and showed no signs of lysis after extended (3 h) incubation (Fig. [8B](#Fig8){ref-type="fig"}). This result suggests that the N-terminal extension allows endolysin to pass through the outer membrane and then interact with the PGN layer.Figure 8Activity of the full-length and deletion derivative of Ts2631 endolysin. (**A**) The schematic maps of the full-length and deletion derivative of Ts2631 endolysin. RRRRRR -- N-terminal arginine rich region. PGRP -- peptidoglycan recognition domain (also known as type 2 amidase domain). (**B**) Mutant activity was measured in a standard turbidity assay against chloroform-treated and intact *T. thermophilus* HB8 substrate at 60 °C. Activities are expressed as percentages relative to the maximal lytic activity achieved for Δ2-22 variant. Error bars indicate the standard deviation (n = 3).

Discussion {#Sec10}
==========

Studies on novel endolysins are important for the development of effective antimicrobial agents as alternative to traditional antibiotics^[@CR2],[@CR19],[@CR20]^. The Ts2631 endolysin is the first lytic enzyme from a thermophilic bacteriophage whose structure has been determined. The catalytic core is formed by His30, His131 and Cys139, a catalytic motif also present in the T7 lysozyme molecule^[@CR7]^. The crystal structure data are also supported by our previous study in which we have shown that modification of catalytic core residues substantially reduces the Ts2631 endolysin lytic activity^[@CR5]^.

In contrast to T7 lysozyme, Ts2631 endolysin contains a unique N-terminal sequence that is not found in the phage homologs. Crystallographic and *in silico* data indicate that this positively charged N-terminal extension of Ts2631 endolysin is flexible and may assume alternative conformations, as depicted by loop modeling via the Modeller program (Fig. [9](#Fig9){ref-type="fig"})^[@CR21],[@CR22]^. This spatial conformation suggests that the N-terminal extension interacts with negatively charged bacterial membranes and PGN. Interestingly, the eukaryotic PGRPs also have the N-terminal PGRP-specific region^[@CR11]^, which is usually hydrophobic, varies among these proteins and shows no amino acid sequence resemblance to Ts2631 endolysin^[@CR5]^. However, similarly to the N-terminal extension of Ts2631 endolysin, the N-terminal region comprising residues 12--33 of the *Drosophila* amidase PGRP-LB was shown by crystallography to be located at the back of the active site^[@CR12]^. The role of this region in PGRP-LB is still unknown, although its function in binding additional ligands has been proposed but not supported by experimental data^[@CR12]^. Thus, our experiments with a deletion variant of Ts2631 endolysin deprived of the N-terminal extension may shed some light on the general function of the N-terminal region.Figure 9Model of Ts2631 endolysin binding to peptidoglycan. The Ts2631 endolysin consist two major parts: the structural part with catalytic residues (in red) and flexible N-terminal extension (in blue). Both parts are essential for peptidoglycan (in green) binding (the possible contacts are marked in yellow). While structural part is responsible for lysis of peptidoglycan (coordinated by Zn^2+^ and water molecule and highly conserved catalytic triad), the N-terminal extension can adopt multiple conformations with putative contacts with peptidoglycan far away from the main body of the enzyme (the alternate conformers of the N-terminal extension had been built using Modeller software with DOPE potential)^[@CR21],[@CR22]^.

Unique among lytic enzymes is also a short polyglycine stretch of four consecutive residues at the C-terminus of Ts2631 endolysin (Supplementary Fig. [S7](#MOESM1){ref-type="media"}). The only protein with this polyglycine track in the literature was the precursor of the protein translocation channel of the outer envelope membrane of chloroplasts. There, the polyglycine track was shown to be necessary for directing the protein to the chloroplast outer membrane^[@CR23]^. We hypothesize that by analogy, the four-glycine segment of Ts2631 endolysin might be employed to target bacterial membranes.

The crystal structure, supported by biochemical data, helped us to reveal the substrate-binding location of Ts2631 endolysin. [His31]{.ul} and [Thr32]{.ul} are part of the HHT motif characteristic for PGRPs^[@CR5],[@CR19]^. The residue [Cys80]{.ul} is conserved in 94% of all insect and mammalian PGRPs and is required for their proper conformation^[@CR24]^. Surprisingly, this cysteine is not preserved in the phage T7 lysozyme^[@CR7]^. [Asn85]{.ul} is also conserved among PGRPs, and its role in accommodating the fourth D-Ala residue of the PGN stem peptide was previously proposed for PGRP-IαC^[@CR25]^. Therefore, by analogy to PGRPs, whose corresponding residues are located in the PGN-binding cleft, we propose a role of the above-mentioned residues in substrate binding.

In addition, two other residues, Tyr60 and Lys70, are essential for PGN interactions. Both of these residues are present in the primary sequences of Ts2631 and Ph2119 endolysins derived from *Thermus scotoductus* thermophilic phages but are not conserved among mesophilic PGRPs (Supplementary Fig. [S7](#MOESM1){ref-type="media"}). Their location at the back of the PGN-binding groove was surprising, as the literature search did not provide any examples resembling this kind of protein spatial architecture. The binding to the PGN may be explained by possible CH-π interactions between aromatic residues (such as Tyr) and the glycan strands of the PGN. The interaction may be further stabilized by hydrogen bonds via a water molecule between glycan and Lys^[@CR26],[@CR27]^. Therefore, both Tyr60 and Lys70 may have roles in binding to the glycan moiety.

The general pattern of interaction between the endolysin molecule and the PGN mesh remains unknown. The perpendicular model of the bacterial cell wall visualizes PGN as a honeycomb^[@CR28]^. It was previously proposed for the human PGRP-IβC that the protein is located in a ≈120 Å in diameter, incomplete pore of PGN formed in growing cell walls^[@CR10]^. In that model, PGRP-IβC interacts with PGN by its PGN-binding groove while the opposite site of the molecule remains unconnected to the substrate. In agreement with that pattern, Ts2631 endolysin residues His31, Thr32, Cys80 and Asn85, which are located in the PGN-binding groove, may be responsible for interacting with the substrate. Moreover, based on our experimental data, we propose a scenario in which Tyr60 and Lys70---the residues situated opposite to the active site---also dock the protein within PGN pores. Both residues are present in the Ts2631 Δ2-22, therefore, the variant without the N-terminal region can maintain partial PGN binding.

We stipulate that this arrangement might be an adaptation by thermophilic phage endolysins to function at elevated temperatures, where stronger docking of endolysin to the PGN would improve the overall performance of the lytic enzyme.

The unusual thermostability (a melting temperature of 99.8 °C) is a striking feature of Ts2631 endolysin^[@CR5]^, although, on average, proteins derived from thermophiles have a melting temperature 31.5 °C higher than that of their mesophilic homologs^[@CR29]^. The current view is that enzyme adaptations made to withstand high temperature involve increased compactness of protein hydrophobic core, metal ion binding, replacing polar residues with charged residues, shortening surface-exposed loops, increasing the number of disulfide bonds and forming salt bridges between pairs of charged residues^[@CR30]^. To elucidate the structural determinants of Ts2631 endolysin thermostability and temperature-dependent activity, we analyzed the endolysin amino acid sequence. Factor that might contribute to the stabilization of Ts2631 endolysin is the formation of extended hydrophobic cores by the high number of tryptophans (4.49%) (Supplementary Fig. [S8A](#MOESM1){ref-type="media"}). In mesophiles, the percentage of tryptophans on average does not exceed 1.27%^[@CR31]^. Trp residues in well-buried states are known to participate in cation-π interactions that maintain the conformational stability of protein structures^[@CR32]^, and a higher frequency of cation-π interactions in well-buried states might be correlated with protein thermostability^[@CR33]^. Moreover, the percentage of prolines (8.5%) is clearly greater than the average content of prolines in mesophilic proteins (6.3%)^[@CR34]^. These residues are evenly distributed throughout the protein (Supplementary Fig. [S8B](#MOESM1){ref-type="media"}) and locally lower the B-factors, indicating their stabilizing effect. It has been postulated that abundance of prolines and small-volume residues may minimize hindrance and entropy expenditure due to the side chain burial, thus favoring looping and bending in proteins and leading to the formation of compact core regions in thermophilic protein structures^[@CR35]^. Finally, arginine residues are also implicated in thermal stability due to their guanidinium-like head group, which can have various interactions with ions^[@CR36]^. These features are clearly distinct from those of mesophilic phage endolysins and may explain the observed thermostability of proteins such as the Ts2631 endolysin. Obviously experimental data are necessary to fully understand the thermal stability pattern of Ts2631 endolysin and such analysis will be carried out within the framework of a future project.

As thermostable proteins are superior in medical and technical processes^[@CR37]--[@CR39]^ due to their rigid structure and protease resistance, thermostability is a desired feature of any novel enzyme considered for potential applications. Ts2631 endolysin fulfills this requirement. Additionally, it not only is an extremely stable phage endolysin but also carries a natural Arg-rich N-terminal extension, which may help the protein interact with bacterial membranes when applied as an external antimicrobial agent.

Materials and Methods {#Sec11}
=====================

Bacterial strains and growth conditions {#Sec12}
---------------------------------------

Chemically competent *Escherichia coli* DH5α and BL21(DE3) cells (Invitrogen) were prepared for site-directed mutagenesis and recombinant protein expression, respectively. These bacteria were cultivated at 37 °C in Luria Broth (LB) medium with shaking. *T. thermophilus* HB8 was cultured as previously described^[@CR5]^. The plasmid pLT1 (a derivative of the pET15b vector) was used for the overproduction of Ts2631 endolysin and served as a template for site-directed mutagenesis studies of Ts2631 endolysin^[@CR5]^. The plasmid pRARE (Cm^R^) served as a source of tRNAs for *E. coli* rare codons (Novagen) to compensate for codon usage bias. When necessary, media were supplemented with 100 µg ml^−1^ of ampicillin (Ap) and 30 µg ml^−1^ of chloramphenicol (Cm). The plasmid pLT1, overexpressing the Ts2631 endolysin gene, as well as plasmids used for the overproduction of the Ts2631 endolysin variants constructed in the present study, were deposited in the Collection of Plasmids and Microorganisms, University of Gdansk, Poland (KPD, World Data Center for Microorganisms registered no. 1084).

Protein overproduction and purification {#Sec13}
---------------------------------------

*E. coli* BL21(DE3)\[pRARE\] cells carrying the expression plasmids were cultivated at 37 °C in 500 ml of LB to an OD~600~ of 0.4--0.5. Overproduction of Ts2631 endolysin and its derivatives was induced with 1 mM isopropyl-β-D- thiogalactopyranoside (IPTG) for 4 h at 37 °C. The cells were subsequently harvested by centrifugation (10,000 × g for 20 min, 4 °C). The cell pellet was resuspended in 30 ml of NPi buffer (50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1% Triton X-100, 10% \[vol/vol\] glycerol, 2 mM β-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride \[PMSF\]) and disrupted by sonication (30 bursts of 10 s at an amplitude of 12 μm). The cellular debris was removed by centrifugation (10,000 × g for 20 min, 4 °C), and overproduced proteins were purified from clarified supernatants on TALON cobalt metal affinity resin according to the manufacturer's procedure for bath/gravity-flow column purification (Clontech Laboratories, Inc., USA). Proteins bound to the TALON resin were eluted with 150 mM imidazole in NPi buffer, and pooled fractions containing pure proteins (as judged by SDS-PAGE) were dialyzed against D buffer (25 mM potassium phosphate buffer, pH 8.0, 50 mM KCl, 0.1% Triton X-100, 50% glycerol, and 0.1 mM ZnSO~4~). For crystallography studies, the Ts2631 endolysin was dialyzed against 20 mM MES buffer, pH 6.0. The Bradford assay was used to determine the protein concentration^[@CR40]^, and purified proteins were stored at −80 °C until further analysis.

Crystallization, data collection and structural analysis {#Sec14}
--------------------------------------------------------

Protein at a concentration of 8 mg ml^−1^ was applied to commercial screens from Hampton Research, which yielded crystals under conditions of 20% PEG 3350 and 0.2 mM disodium tartrate. The crystals were mounted using the reservoir conditions with an additional 20% PEG 400 for cryo-protection. Crystals were flash frozen in liquid nitrogen, and data were collected at the ALBA synchrotron at 100 K. Diffraction data were recorded on a PILATUS 6 M detector, and spots were integrated and scaled with the XDS/XSCALE software package. Molecular replacement was performed with Phaser, which was included in the PHENIX program package^[@CR41]^, and the structure was refined in PHENIX and rebuilt in Coot^[@CR42]^. The final R/R~free~-values are 20 and 24%, respectively (Table [1](#Tab1){ref-type="table"}).

Site-directed mutagenesis {#Sec15}
-------------------------

Ts2631 endolysin residue A33 was substituted with glycine, resulting in the A33G variant. Eighteen residues (H31, T32, P54, Y60, R64, D65, R67, Y69, K70, L72, I79, C80, N85, G95, D96, N133, V135 and E138) of Ts2631 endolysin were individually substituted with alanine. Ts2631 endolysin variants (H30N, Y58F, H131N, T137K and C139S) were constructed previously^[@CR5]^ and used herein for lytic activity comparison studies. Site-directed mutagenesis was performed according to the QuikChange II Site-Directed Mutagenesis Kit manual (Agilent Technologies). Primers used in this study are listed in Supplementary Table [S1](#MOESM1){ref-type="media"}. All constructs were verified by DNA sequencing before being introduced into the *E. coli* BL21(DE3)\[pRARE\] expression strain by chemical transformation.

Lytic activity of Ts2631 endolysin {#Sec16}
----------------------------------

For turbidity reaction assays, the outer membrane of Gram-negative *T. thermophilus* HB8 bacteria was permeabilized by chloroform treatment, as described previously^[@CR18]^. Briefly, bacteria were grown until late-exponential phase and then centrifuged (4,500 × g, 15 min, 4 °C). The outer membranes of sedimented cells were permeabilized by gentle shaking with chloroform-saturated 50 mM Tris-HCl, pH 7.7 for 45 min at room temperature. The permeabilized cells were then washed, resuspended in 10 mM phosphate buffer (pH 8.0) and adjusted to OD~600~ = 1.0. The turbidity reaction assays were performed in a 96 well plate format by measuring the OD~600~ drop over time (with 0.5 min intervals up to 20 min) in an EnSpire multimode plate reader (PerkinElmer). Each reaction was conducted in triplicate and consisted of 190 μl of permeabilized cells and 10 μl of tested proteins (final concentration 25 μl ml^−1^). The values of negative controls with reaction buffer instead of endolysin were subtracted from the sample measurements. The lytic activity was calculated as follows: \[ΔOD~600~ sample (endolysin added) − ΔOD600 (buffer only)\]/initial OD~600~. Assays with intact bacteria were conducted as described above, but the permeabilization step was omitted in the procedure. Zymogram qualitative assays were performed with the use of 12.5% SDS-PAGE; the separating gel contained 0.2% (wt/vol) chloroform-treated *T. thermophilus* HB8 as a substrate. Ts2631 endolysin and its derivatives were mixed with 2× Laemmli buffer (Bio-Rad) and loaded into the gel. After electrophoresis, the gel was gently shaken at 37 °C for 16 h in a solution of 25 mM phosphate buffer, pH 8.0, and 1% Triton X-100, washed once with water and then stained for 0.5 h with 1% methylene blue in 0.01% KOH. After washing the gel in ultrapure water, the lytic activity of individual protein bands was observed as a clear zone.

Peptidoglycan isolation {#Sec17}
-----------------------

PGN was extracted from *T. thermophilus* HB8 cells by following a method described previously^[@CR43]^ with a few modifications. Briefly, *T. thermophilus* HB8 cells were grown in a 500 ml flask at 60 °C to an OD~600~ of 0.7--0.8. After centrifugation (5,000 × g, 10 min, room temperature), the cell pellet was suspended in 3 ml of 1× phosphate-buffered saline (PBS). The solution was transferred to 50 ml tubes with 6 ml of 6% sodium dodecyl sulfate (SDS) and then placed in a boiling water bath. After 3 h of boiling, the water bath heat source was turned off, and the mixture was left overnight to slowly cool to room temperature with stirring at 500 rpm. The next day, to remove SDS, the suspension was centrifuged (40,000 × g, 20 min, room temperature), and the pellet was suspended in ultrapure water. Centrifugation/washing steps were repeated three times, and in the last cycle, the pellet was suspended in a solution of 900 µl of 10 mM Tris-HCl, pH 7.2, and 0.06% w/v NaCl. Pronase E (100 µg ml^−1^ final concentration) was added to the sample, and the mixture was incubated at 60 °C for 2 h. Pronase E digestion was stopped by adding 200 µl of 6% SDS and boiling the sample (100 °C, 30 min). To remove SDS, the suspension was subjected to three centrifugation/washing steps, as described above. In the last centrifugation/washing step, the sample was resuspended in 200 µl of 50 mM sodium phosphate buffer (pH 4.9), frozen in liquid nitrogen and left at −80 °C for further analysis.

Peptidoglycan binding assay {#Sec18}
---------------------------

The PGN binding assays were carried out as described previously^[@CR9]^. Briefly, 40 μl of purified proteins (Ts2631 endolysin substitution variants, wild-type Ts2631 endolysin and deletion mutant Ts2631Δ2-22) at a concentration of 90 μg ml^−1^ was mixed with 120 μl of T-M buffer (10 mM Tris maleate buffer, pH 6.5, 0.15 M NaCl) and 160 μl of the PGN washed and suspended in T-M buffer (190 µg per sample) and then incubated at 4 °C for 30 min. The mixtures were then centrifuged at 12,600 × g for 5 min at 4 °C, the supernatants were kept for analysis, and the pellets were washed four times with 300 μl of T-M buffer with 1 M NaCl to remove any residual unbound proteins. After a final centrifugation, washed PGN was extracted with 80 μl of a solution of 62.5 mM Tris-HCl, pH 6.8, 2% SDS, 19% glycerol, and 5% β-mercaptoethanol. The supernatant (20 μl) and extract (20 μl) of the sedimented PGN were subjected to Tricine-SDS-Page and stained with Coomassie brilliant blue. In the pilot experiments, bovine serum albumin (66.46 kDa; Sigma-Aldrich) was successfully applied as a negative control, but for the PGN binding assay, we decided to use protein with a similar molecular weight (the *M*w of Ts2631 endolysin is 20.8 kDa; Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Therefore, a carbonic anhydrase (EC 4.2.1.1) from bovine erythrocytes (29 kDa; SERVA) was used as a negative control.

Analytical ultracentrifugation {#Sec19}
------------------------------

Sedimentation velocity experiments were performed in a Beckman-Coulter ProteomeLab XL-I analytical ultracentrifuge (Fullerton, USA) equipped with AN-60 Ti 4-hole rotor and 12 mm path length, double-sector charcoal-Epon cells loaded with 400 μl of sample and 410 μl of buffer (20 mM MES, pH 6.0, 150 mM NaCl). The experiments were carried out at 4 °C and 50,000 rpm using continuous scan mode and a radial spacing of 0.003 cm. Scans were collected in 5 min intervals at 280 nm. To verify that dimeric structures were formed not only in crystal but also in solution, we investigated the possibility of concentration-dependent oligomerization. To test that, three different protein samples were used: 1.10 OD, 0.62 OD, and 0.34 OD (at 280 nm) for a 1.2 cm path length. The fitting of absorbance versus cell radius data was performed using SEDFIT software, version 14.7^[@CR44]^ and a continuous sedimentation coefficient distribution c(s) model covering the range from 0.0--4S. The confidence level was set to 0.68. The biophysical parameters of the buffer, the density and viscosity at 4 °C and the protein partial specific volume (V-bar) were estimated using SEDNTERP software (version 1.09, <http://www.jphilo.mailway.com/download.htm>). The value of the protein V-bar was calculated to be 0.726 cm^3^ g^−1^ (4 °C).

Circular dichroism spectra {#Sec20}
--------------------------

Circular dichroism spectra were recorded using a JASCO J-815 spectropolarimeter with a path length of 1 mm. Proteins were dissolved in 10 mM potassium phosphate buffer, pH 8.0, and 150 mM ammonium sulfate at a final concentration of 0.15 mM. Each circular dichroism spectrum represents the average of six scans.
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